Abstract A critical limitation for tissue engineering and autologous therapeutic applications of bone marrow derived EPCs is their low frequency, which is even lower in number and activity level in patients with cardiovascular risk factors and other diseases. New strategies for obtaining and reserving sufficient ready-to-use EPCs for clinical use have hit major obstacles, because effects of serial passage and cryopreservation on EPC phenotype and functions are still needed to be explored. The present study aims at investigating effects of a limited number of culture passages as well as cryopreservation on EPC phenotype and functions. We isolated EPCs from rat bone marrow and cultured them up to passage 12 (totaling achievements of 40 population doublings). The phenotype and functions of fresh cultured and postcryopreserved EPCs at passages 7 and 12, respectively, were evaluated. EPCs at passage 12 maintained the morphological characteristics, marker phenotype, Dil-ac-LDL uptake and FITC-UEA-1 binding functions, enhanced EPCs proliferation, tube formation and migration, but decreased CD133 expression compared with EPCs at passage 7. Cryopreservation caused limited impairment in EPC phenotype and functions. In brief, our results demonstrated that a limited number of culture passages and cryopreservation did not change EPC phenotype and functions, and can be used for the development of robust strategies and quality control criterion for obtaining sufficient and high-quality ready-to-use EPCs for tissue engineering and therapeutic applications.
Introduction
Since their discovery in 1997, accumulating findings have shown the great potential of Endothelial progenitor cells (EPCs) in vascular tissue engineering for possible clinical application in coronary artery disease and wound healing due to their abilities to proliferate, migrate to the site of ischemic injury, and participate in the process of vascular repair and angiogenesis (Asahara et al. 1997; Hristov et al. 2003; Tsai et al. 2009; Urbich and Dimmeler 2004) . However, there are still several problems to be resolved in EPC-based therapy: (1) the low frequency of EPCs in bone marrow (BM) and peripheral blood (PB) (Kalka et al. 2000; Teraa et al. 2013) . Notably the number and the activity level of EPCs seem to be inversely correlated with the severity and degree of cardiovascular risk factors and other disease (Teraa et al. 2013; Umemura et al. 2008; Vasa et al. 2001) , which hampered the efficacy and availability of EPC-based therapies in patient groups who would gain the greatest benefit from new EPC-based clinical concepts; (2) every autologous delivery of EPCs inevitably involves a considerable time delay in treatment, due to the time needed for collection, identification, isolation, and then propagation of progenitors ex vivo (Leeper et al. 2010) . These facts necessitate developing appropriate methods to obtain and reserve high quality and quantity of ready-to-use EPCs, which remains to be one of the major obstacles in EPC autologous therapeutic use (Kretlow et al. 2008; Lu et al. 2008; Teraa et al. 2013) .
Preclinical and clinical studies have shown that bone marrow derived EPCs (BM-EPCs) hold extensive prospects for autologous EPC-based therapy because of their easy availability as well as few ethical concerns and low immunogenicity (Chen et al. 2017; Garbuzova-Davis et al. 2017; Hristov et al. 2003; Shintani et al. 2001; Yang et al. 2004) . To benefit from the transplantation of EPCs, sufficient and ready-to-use autologous EPCs are required for injection into the ischemic area or for coating on the surface of vascular grafts (Kalka et al. 2000; Kaushal et al. 2001) . Ex vivo expansion is an acceptable strategy for enriching EPCs (Kalka et al. 2000; Wu et al. 2012) . However, the culture time of most studies was about a month (within 4 passages of culture) (Mieno et al. 2008; Wu et al. 2012; Yu et al. 2014) , and insufficient for obtaining adequate EPCs for therapeutic applications, which can be roughly extrapolated from previous animal studies (Kalka et al. 2000) . Extensive expansion for obtaining a large quantity of EPCs with a satisfying quality for personal autotransplantation and effects of serial passage on phenotype and functions of EPCs still need to be explored.
Cryopreservation could be a promising strategy for long term storage of a large quantity of EPCs allowing their immediate availability (Mieno et al. 2008; Wu et al. 2012 ). Many studies have stored EPCs by freezing bone marrow (BM), peripheral blood (PB), or umbilical cord blood (UCB) derived MNCs and yielded controversial results with respect to the effect of cryopreservation on EPC viability and functions. Some reports have indicated that cryopreservation of MNCs from BM, UCB, and PB impaired EPCs viability and functions. For example, the freezing and thawing process led to a decreased proliferation, EPC marker expression, potential to differentiate into ECs, and recovery of artery injury (Bogoslovsky et al. 2013; Lu et al. 2008; Papasavvas et al. 2012; Vanneaux et al. 2010) . However, several studies have reported that EPCs have undergone cryopreservation without altered viability, proliferation and their endothelial functions (Lin et al. 2011; Mieno et al. 2008; Wu et al. 2012) . The effectiveness of EPCs cryopreservation could be affected by many factors including cell type and size, composition of cells, cell density at freezing, and cooling rate (Karlsson 2002; von Bomhard et al. 2016; Wu et al. 2012 ). In our opinion, the low cryopreservation efficacy may be due to the low frequency of mature or immature EPCs in each BM-or UCB-MNCs unit which makes EPCs more difficult to recover from the severity of freezing and thawing. Thus freezing pure EPCs at high-density will favor the opportunity to minimize cryoinjury and ensure retention in phenotype and therapeutic characteristics of EPCs after cryopreservation. So far by our knowledge, few studies investigated effects of cryopreservation and thawing on serial passaged EPCs with high purity.
The present study aims at investigating effects of a limited number of culture passages and cryopreservation on EPC phenotype and functions. We isolated EPCs from rat bone marrow and cultured them up to passage 12. The morphology, proliferation, surface marker expression, and endothelial functions of fresh cultured and post-cryopreserved EPCs at passage 7 and 12 were evaluated. Our work will be helpful for providing robust strategies and quality control criteria for obtaining sufficient and ready-to-use EPCs during tissue engineering and therapeutic applications. 
Materials and methods

Experiments involving
Cell culture
The 4-week-old male Sprague Dawley rats were purchased from Vital River Experimental Animal Center (Beijing, China), where the use of animal was approved by the local Ethics Committee. EPCs were isolated from the femur and tibia of Sprague Dawley rats by flushing marrow with M199 medium (Gibco, Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS, Gibco). After flushing, the BM-derived cells were centrifuged in a 1.073 g/ml Percoll (Pharmacia, Uppsala, Sweden) density gradient at 550 g for 20 min (Hermle Z326, Wehingen, Germany). The enriched cells were collected from the interface, resuspended in M199 medium containing 10% FBS, and transferred into culture dishes. The BM-derived cells were cultured with M199 medium, containing 10% FBS, 50% Endothelial cell medium (ECM, Sciencell, Carlsbad, CA, USA), 100 U/ml penicillin (Sangon, Shanghai, China), 100 mg/ml streptomycin (Sangon), and 50 U/ml heparin (Ameresco, Solon, OH, USA) in cell incubator at 37°C with 5% CO 2 for 4 days. Then the medium was changed every 3 days.
Cryopreservation and thawing of EPCs
EPCs at passages 5 and 10 were used for cryopreservation. Separated EPCs were suspended in cold freezing solution containing 80% M199, 10% FBS, and 10% dimethyl sulphoxide (DMSO, Sangon), aliquoted into 2-ml cryotubes at a density of 1 9 10 6 cells/ml, placed in a Cryo 1°C Freezing Container (Nalgene, Thermo Scientific, Waltham, MA, USA) and stored at -80°C freezer overnight. The cells were then transferred to liquid nitrogen for long-term storage. The cryotubes were thawed very rapidly in a 37°C water bath and the EPCs were immediately transferred to 10 ml thawing medium containing 90% M199 medium and 10% FBS. The EPCs were then centrifuged at 200 g for 2 min at 4°C. The supernatant was removed and EPCs were resuspended with EPC medium described above. The cells were counted and assessed for viability by trypan blue dye exclusion. Then the resuscitated cells [passages 6 or 11, abbreviated as EPC (P6) or EPC (P11), respectively] were cultured with EPC medium. The post-cryopreserved EPCs (passages 7 or 12, abbreviated as C7 or C12, respectively) were used in EPC phenotype and function evaluation by comparing with fresh EPCs at passage 7 or 12 (abbreviated as F7 or F12, respectively).
The influence of cell density on resuscitation was evaluated by cryopreserving and thawing of EPCs at different cell densities of 1 9 10 6 cells/ml, 1.4 9 10 4 cells/ml and 5 9 10 2 cells/ml. We used the EPC density (1.4 9 10 4 cells/ml and 5 9 10 2 cells/ml) according to Peichev's work who found 1.4 ± 0.5% or 1.4 9 10 4 EPCs in 1 9 10 6 cord blood derived stem cells (Peichev et al. 2000) , and Kalka's work who reported that 0.05% or 5 9 10 2 hEPCs can be isolated from 1 9 10 6 hPBMCs of human subjects (Kalka et al. 2000) .
Proliferation assay
The cellular proliferation of EPCs was measured using a colorimetric assay based on the tetrazolium salt MTT [(3-(4, 5-dimethyldiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; Sigma, St. Louis, MO, USA]. EPCs were plated into 96-well culture plates at a density of 1 9 10 4 cells/ml with 200 ll of culture medium per well and were cultured for various time periods. Then, 20 ll MTT solution (5 mg/ml) was added to each well and incubated at 37°C for 4 h. The medium was removed and 200 ll of DMSO was added. The OD of samples was measured at 490 nm using a Varioskan Flash spectrophotometer (Thermo Scientific).
Fluorescent staining
Cells were fixed in 4% paraformaldehyde, then permeabilized with 0.1% Triton X-100 in PBS and blocked in 1% bovine serum albumin. Primary antibodies to rat CD34, CD31, CD133 (1:100, all from Biosen Biotech, Beijing, China), VE-Cadherin, VEGFR-2 (1:100, both from Boster, Wuhan, China), and von Willebrand Factor (vWF,1:100, ZSGB-BIO, Beijing, China) were incubated with the cells at 4°C overnight. After washing with PBS, FITC-conjugated secondary antibodies (ZSGB-BIO, Beijing, China) at a dilution of 1:100 were added to the cells for 60 min. Nuclei were labeled with DAPI (Sigma). All fluorescent stainings were visualized and photos were taken under a Leica TCS SPE confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany) using a 63 9 oil immersion objective lens.
Flow cytometric analysis of EPC markers
The expression of EPC markers including CD34, CD31, CD133 and VEGFR-2 were determined by flow cytometry. Cells harvested after 7 and 12 passages were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS and then blocked in 1% bovine serum albumin. Primary antibodies to rat CD34, CD31, CD133 and VEGFR-2 were incubated with the cells at 4°C overnight. Then cells were washed with PBS, FITC-conjugated secondary antibodies at a dilution of 1:100 were added to the cells for 60 min, and the cell markers were analyzed on a flow cytometer (Merck Millipore, Darmstadt, Germany).
Dil-ac-LDL uptake and FITC-UEA-1 binding of EPCs
EPCs were washed with PBS three times, and incubated in medium containing 20 lg/ml Dil-ac-LDL (Invitrogen, Carlsbad, CA, USA) for 4 h at 37°C, 5% CO 2 . Cells were fixed with 4% paraformaldehyde, and incubated for 1 h with 10 lg/ ml FITC-UEA-1 (Invitrogen) at room temperature. Nuclei were labeled with DAPI. Subsequently, incorporation of Dil-Ac-LDL and binding of FITC-UEA-1 were observed and photos were taken by a Leica TCS SPE confocal microscope using a 63 9 oil immersion objective lens.
In vitro capillary tube formation assay in Matrigel EPCs were seeded on Matrigel (50 ll/well, BD, Franklin Lakes, NJ, USA) coated 96-well plate at a cell density of 3.5 9 10 4 cells/well and incubated with EPC culture medium at 37°C, 5% CO 2 . The in vitro capillary-like tube formation was observed and images were captured using an inverted phase contrast optical microscope (IX71, Olympus Inc., Tokyo, Japan) after EPCs were incubated for 2, 4 and 6 h, respectively. For each sample, at least 5 micrographs were taken at different positions. The ability of EPCs to form tube-like structures was assessed by counting the number of network circles in each image.
Migration assay
Fresh and post-cryopreserved EPCs at passages 7 and 12 were used to evaluate the migration ability. Briefly, EPCs were starved in M199 contained 0.5% FBS at 37°C, 5% CO 2 for 24 h. After starvation, EPCs were detached with 0.25% Trypsin and 1 mM EDTA in PBS (pH 7.4) and counted. EPCs at a density of 4 9 10 4 cells/well were seeded in the upper chamber of a modified Boyden chamber (Corning, Corning, NY, USA). A polycarbonate filter with 8-lm pore size was placed between the upper and lower chambers. The chamber was placed in a 24-well plate containing 0.8 ml of culture medium. After 24 h incubation at 37°C and 5% CO 2 , the migrated cells on the lower side of the filter were washed with PBS, fixed in 4% paraformaldehyde and stained with 0.5% Crystal violet solution. The number of migrated cells was counted manually in 5 random microscopic fields.
Statistical analysis
Each experiment was repeated independently for at least 3 times. All data are expressed as mean ± SD (n = 3). Statistical analysis was performed using an unpaired two-tailed Student's t-test. A value of p \ 0.05 was considered statistically significant.
Results
Effects of passage number and cryopreservation on EPC morphology
The isolated EPCs formed blood island structure within 24 h of the primary culture (Fig. S1 A) . Then the spindle-shaped and adherent cells sprouted from the edge of the blood island within 3 days (Fig. S1 B) . After 7 days of the primary culture, the network structure appeared when a lager cell monolayer formed (Fig. S1 C) . The isolated cells were positive for EPC markers including CD31, CD34, CD133, VEGFR-2, VE-Cadherin, and vWF ( Fig. S1  D-I) .
Most of EPCs at passages 0-12 maintained spindleshaped morphology, except a very small amount of EPCs showed a more flat appearance (Fig. S2) . Moreover, no significant changes in EPC morphology were found between them under our culture condition (Fig. 1, S1, S2) . Notably, EPCs at passages 7 and 12 showed similar morphological characteristics such as spindle-shaped morphology (Fig. 1A, C, vs. Fig. S1 B) and network structures (Fig. 1E, G, vs. Fig. S1 C) in comparison with those seen in the primary culture. Furthermore, the post-cryopreserved EPCs of the seventh and twelfth passage exhibited morphological properties similar to those of fresh EPCs at the same passages (Fig. 1) .
Effects of passage number and cryopreservation on EPC proliferation and viability
EPCs at each of the 12 passages were examined for changes in growth kinetics. Cells underwent 2-4 population doublings at each passage, totaling 40 population doublings by passage 12 (Fig. 2A) . The doubling time of BM-derived EPCs at passages 0-3 decreased from 104.00 ± 6.93 to 64.00 ± 6.93 h, whereas it stayed stable at 54.85 ± 8.64 h from passage 4 to passage 10, and then decreased to 40.00 ± 6.93 h at passages 11 and 12. Consistently, growth and proliferation of EPCs at passage 12 were significantly higher than that at passage 7 according to the growth curves (Fig. 2B, p \ 0.05) . Furthermore, there were no significant difference in proliferation rate and doubling time between the fresh and the postcryopreserved EPCs (Fig. 2B, C) . In addition, there was no significant difference in the recovery rate of cryopreserved EPCs between the passage 6 and 11 [95.17 ± 4.13%, EPC (P6) vs. 92.33 ± 6.51%, EPC (P11), Fig. 2D ], indicating that a limited number of passages did not affect viability of the resuscitated cells. However, there were significant differences in the recovery rate of EPCs cryopreserved at different cell density (Fig. 2E , p \ 0.05). In brief, our experiments observed that a limit number of culture passages improved EPC proliferation, while cryopreservation did not impair proliferation and viability of EPCs.
Effects of passage number and cryopreservation on EPC marker expression
Flow cytometry analysis and immunofluorescence staining were performed to evaluate the immunophenotype of EPCs after a limited number of culture Fig. 1 Morphologies of BM-EPCs after a limited number of passages and cryopreservation. The fresh EPCs were cultured to the seventh (F7) and twelfth (F12) passage respectively, A, C after 2 days of culture, E, G after 4 days of culture. Postcryopreserved EPCs which were thawed at passage 6 and cultured to passage 7 (abbreviated as C7) (B, F), and thawed at passage 11 and culture to passage 12 (abbreviated as C12) (D, H). Scale bar: 100 lm passages or cryopreservation. Fresh EPCs and cryopreserved EPCs at passage 7 and 12 were positive for CD133, CD34, CD31 and VEGFR-2 as shown in Fig. 3 and Fig. S3 , while the rat aortic endothelial cells (RAECs) were negative for CD34 and CD133, and the bone marrow derived stroma cells (BMSCs) were negative for CD133, CD34, CD31 and VEGFR-2 (Fig. S4) . The cells at passage 7 exhibited high positive ratios for CD133, CD34, CD31 and VEGFR-2, which indicated a high purity of EPCs at passage 7 (Fig. 3Q-T) . No significant differences in the positive ratio for CD34, CD31 and VEGFR-2 were observed between EPCs at passages 7 and 12 (Fig. 3) . The immunofluorescence staining of CD34, CD31 also showed no obvious changes between the fresh and post-cryopreserved groups at passages 7 and 12 (Fig. S3) . However, more intensive fluorescent staining of the VEGFR-2 was observed at passage 12 when compared with those at passage 7 (Fig. S3 D , H, L, P), although the positive ratio for VEGFR-2 did not change (Fig. 3T) . The positive ratio for CD 133 decreased from 95.72 ± 1.61% at passage 7 to 50.43 ± 2.25% at passage 12 (Fig. 3S) , while the cryopreservation did not alter the expression of CD133 (Fig. 3C, G, K, O, S) . Consistently, the fluorescent staining of CD133 at passage 12 was less intensive than those at passage 7 (Fig. S3 C, G, K, O) .
Effects of passage number and cryopreservation on Ac-LDL uptake and UEA-1 expression by EPC Incorporation of Dil-Ac-LDL and binding of FITC-UEA-1 was used to evaluate endothelial functions that EPCs have. Both Dil-ac-LDL (Fig. 4A-D, red) and (Data in mean ± SD, n = 3), *significant difference between post-cryopreserved EPCs at passages 7 and 12 at p \ 0.05, **significant difference between fresh EPCs at passages 7 and 12 at p \ 0.01. C The growth curve of fresh and postcryopreserved EPCs at passages 7 and 12. Results from the 7-day assessment of EPC proliferation by MTT assay. A representative standard curve was inserted in the lower right corner. D Average viability of cryopreserved EPCs immediately after thawing at passage 6 and passage 11 assessed by trypan blue dye exclusion. E Average viability of EPCs cryopreserved at different density immediately after thawing assessed by trypan blue dye exclusion (data are presented as mean ± SD, n = 3), **significant difference between 1 9 10 6 c/ml and 1.4 9 10 4 c/ml or 5 9 10 2 c/ml at p \ 0.01 FITC-UEA-1 (Fig. 4E-H , green) were detected in fresh EPCs and post-cryopreserved EPCs, but not detected in BMSCs (Fig. S5 ). Double positive EPCs (Fig. 4I -L, yellow) indicated endothelial functions that EPCs retained after a limited number of passage or cryopreservation. No obvious differences in the DiIAc-LDL uptake and UEA-1 binding potential between the fresh and post-cryopreserved groups at passages 7 and 12 were observed.
Effects of passage number and cryopreservation on EPC tube formation activity
The number of tube-like structures formed in Matrigel-based media was used to evaluate the angiogenesis capacity of the post-cryopreserved and the fresh EPCs at passages 7 and 12 (Fig. 5) . The tube-like structures were found in both the fresh and the post-cryopreserved cells (Fig. 5A-L) . EPCs at passage 12 showed better capacity for tube formation than EPCs at passage 7 ( Fig. 5O , P, p \ 0.05). However, the postcryopreserved EPCs exhibited similar tube formation capacity of fresh EPCs (Fig. 5M, N) .
Effects of passage number and cryopreservation on EPC migration
The number of migrated cells on the lower side of the filter was used to evaluate the homing function that EPCs have (Fig. 6) . The migration capacity of EPCs at passage 12 was much higher than that of EPCs at passage 7 (109 ± 2 cells at passage 12 vs. 71 ± 3 cells at passage 7, Fig. 6A-D , G, H, p \ 0.05). The fresh EPCs showed no significant difference in migration capacity compared with the post-cryopreserved EPCs (Fig. 6A-D 
, E, F).
Discussion
A critical limitation, so far, for tissue engineering and autologous therapeutic applications of BM-EPCs is their low frequency in bone marrow, which is even lower in number and activity level in patients with cardiovascular risk factors (Kuki et al. 2006; Papa et al. 2006; Tamarat et al. 2004; Tepper et al. 2002) . Thus the success of using BM-EPCs for these applications will depend greatly on the ability of , and 6 h (C, F, I, L). Scale bar: 100 lm. M-P The average numbers of tube-like structures formed by EPCs at different incubation times (data are presented at mean ± SD, n = 3), *significant difference between passages 7 and 12 at p \ 0.05, **significant difference between passages 7 and 12 at p \ 0.01 BM-EPCs to be extensively cultured and long-term stored while maintaining their phenotype and functions (Chong et al. 2016; Sukmawati and Tanaka 2015) , which have not been well determined at present. This study found that EPCs after a limited number of passages in culture and cryopreservation maintained the morphological characteristics, were positive for CD31, CD34, VEGFR-2, Dil-ac-LDL uptake and FITC-UEA-1 binding functions, enhanced EPCs proliferation, tube formation and migration, but showed decreased CD133 expression compared with EPCs at passage 7. Our results may suggest a new strategy for obtaining sufficient ready-to-use BMEPCs with higher quality and stability for tissue engineering and autologous EPC-based therapy. EPCs show important differences in morphology, phenotype and behavior when they are under different isolation and culture conditions (Bai et al. 2012; Kim et al. 2016; Yang et al. 2011) . For example, the so called early EPCs showed spindle-shaped morphology at the early stage of culture (within 2 weeks), while late EPC with cobblestone shape appeared 2-3 weeks later, where time was the main difference of the condition for EPC culture and isolation (Hur et al. 2004; Mukai et al. 2008 ). The present study showed that most of the EPCs maintained a spindle-shaped morphology at passages 0-12. Moreover, no significant changes of EPC morphology were found between them under our culture condition (Figs. 1, 2, S2 ). The morphological difference between our EPCs and late EPCs in some studies is probably due to the different isolation and culture methods used. A good example of this is that BM-MNCs in different culture media have different morphological phenotypes and proliferation rates (Jianguo et al. 2010; Yang et al. 2011 ). Yang et al found that BM-MNCs could be differentiated into spindle-shaped, early EPC-like cells in complete medium (M199 containing FBS, VEGF and bFGF), or differentiated into late EPC-like cells with cobblestone shape in EGM-2MV. Both of the two types of induced cells had LDL-uptake and lectin binding functions, as well as the potential of differentiation into ECs (Yang et al. 2011) . Furthermore, most studies investigated morphological characteristics of EPCs within 4 passages (Hur et al. 2004; Jianguo et al. 2010; Mukai et al. 2008) . Although the effect of isolation and culture condition on other stem cells was reported (Wall et al. 2007) , to our knowledge, our study is the first one which reported the effects of serial passages on EPC morphological characteristics. Our data and other previous studies suggested that EPC functions should be considered as more important criteria than Our data displayed increased growth and proliferation capabilities of EPCs at passage 12 in comparison with EPCs at passage 7. Moreover, totaling 40 population doublings were achieved till passage 12. EPCs in adult body are very scarce that about 12L of blood may be necessary to obtain adequate numbers of EPCs to treat critical limb ischemia in patients according to animal study (Kalka et al. 2000) . Furthermore, the number and the activity level of EPCs are even lower in clinical patients with a variety of phenotypes such as aging, smoking, diabetes, hypertension, metabolic syndrome, and coronary artery disease, which constitute major limitations of primary EPC transplantation (Garolla et al. 2009; Teraa et al. 2013; Umemura et al. 2008; Vasa et al. 2001; Yin et al. 2015) . To our knowledge, limited research compared the potential difference of nature of EPCs between rat and human till now. However, human BMSCs were reported to be less sensitive to plating density and to expand more slowly than rat BMSC (Javazon et al. 2001) , which infers the importance of the in vitro purification and expansion of human EPCs. Although it is necessary to confirm our data with human BM-EPCs, our findings indicate that ex vivo expansion may be available to enhance growth and proliferation capabilities of EPCs and to overcome the primary scarcity of a viable and functional EPC population.
Cell markers including CD34, CD133, CD31, VEGFR-2, VE-Cadherin, and vWF are commonly considered markers for EPCs (Hristov et al. 2003) . CD34 is an adhesion molecule typically considered a progenitor marker (Fadini et al. 2006) . CD133 is another progenitor marker being used to identify more immature progenitor cells than CD34 alone (Fadini et al. 2006 ). CD31 and VEGFR-2 are harboring markers which play an important role in EPC homing (Lev et al. 2006) . The bone marrow is a reservoir of progenitor cells, including hematopoietic progenitor cells (HPCs), stromal progenitor cells (SPCs), and EPCs (Pitchford et al. 2009 ). HPCs are known to be negative for VEGFR-2, VE-Cadherin, and vWF, while SPCs were negative for CD45 and CD34 (Pitchford et al. 2009 ). Cells obtained in this study showed typical marker phenotype of EPCs (positive for CD34, CD133, VEGFR-2, CD31, VE-Cadherin, and vWF), as well as clear marker expression differences from the HPCs and SPCs (Fig. S 1) . Furthermore, the in vitro cultured EPCs at passage 7 in this study exhibited high positive ratio for EPC markers (Fig. 3) , which demonstrated that ex vivo expansion facilitated high purity and quality of EPCs. In our opinion, a major reason for this is that culturing BM-MNCs with media containing the cytokine mixture for EPC, such as VEGF, bFGF, IGF, and EGF, appears to preferentially promote endothelial lineage differentiation. Previous works also found that cytokine composition of the culture media may influence in vitro mononuclear cell differentiation (Jianguo et al. 2010; Kalka et al. 2000; Yang et al. 2011) . In this study, EPCs at passage 12 retained high positive ratio for CD34, CD 31, and VEGFR-2 similar to those at passage 7, while a part of cells lost CD133 expression (Fig. 3, Fig. S3 ). CD133 is reported to be gradually lost during the differentiation of EPCs into endothelial cells (Bai et al. 2012) . In the present study, no significant differences in ac-LDL uptake and UEA-1 binding functions between EPCs at passages 7 and 12 were found, demonstrating that a limited number of passages causes little impairment in EPC functions.
In this study, EPCs at passage 12 showed higher level of immunofluorescence staining for VEGFR-2 than EPCs at passage 7. Although no significant change in positive ratio for VEGFR-2 was found during the limited serial passage, the number of EPCs with higher fluorescence intensity with respect to VEGFR-2 increased at passage 12 (data not shown). VEGF is considered the central factor influencing the differentiation of EPCs into mature endothelial cells and enhancing EPC function including homing, migration and endothelial tube formation through VEGFR-2 (Ohtani et al. 2004; Young et al. 2002; Yu et al. 2014) . Thus increase of VEGFR-2 expression will contribute to enhancement of the efficiency and/or persistence of EPC engraftment (Kim et al. 2016; Ohtani et al. 2004 ). Our study found that the tube formation and migration capacity of EPCs at passage 12 is better than EPCs at passage 7. Kim's study also found long culture time facilitated the tube formation and long-term survival potential of EPCs (Kim et al. 2016) .
Unlike storing EPCs by freezing bone marrow or umbilical cord blood derived MNCs as done in previous studies which often resulted in poor viability and differentiation potential of EPCs after thawing (Lu et al. 2008; Vanneaux et al. 2010) , we cryopreserved the purified EPCs, obtained by a limited passage culture, at high-density. Since the number of EPCs in each bone marrow or cord blood unit is so low (Kalka et al. 2000; Teraa et al. 2013) , damage during freezing and thawing process may even further decrease the EPCs numbers and make them more difficult to derive. We found that EPCs with high density and purity exhibited higher tolerance to harsh environmental conditions arisen from freezing and thawing (Fig. 2E) . Our result is supported by Wu et al. (2012) who froze the first passage EPCs derived from the BM-MNCs and obtained high EPCs viability, as well as good proliferation and migration capacities after thawing. Our data indicate that cryopreservation could be a promising strategy for long term storage in order to provide timely supply of sufficient amount of EPCs.
While our data suggested a novel strategy for obtaining sufficient high quality ready-to-use BMEPCs, they are not without limitations. First, we used an in vitro model in the present work, further transplantation studies are necessary to convincingly demonstrate the suitability of our data for therapeutic applications. Second, our work is also necessary to be confirmed by using human BMEPCs, because the in vitro expanded human BMEPCs may not show the same profiles of proliferation and stability, although bone marrow derived stem cells of human and rat share many phenotypical and functional similarities (Chabannes et al. 2007; Javazon et al. 2001) . In the future, we hope to conduct similar experiments with human BM-EPCs and animal models.
Conclusion
Our present data underlined that a limited number of culture passages facilitates obtaining sufficient EPCs with high purity, quality, and stability. Moreover, cryopreservation of purified high-density EPCs did not change phenotype and function of EPCs. Our results may be useful for the development of robust strategies and quality control criteria for obtaining sufficient and high-quality ready-to-use EPCs for tissue engineering and therapeutic applications.
